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Neutron scattering has been used to study the magnetic order, spin dynamics, and structural
properties of La12xCaxMnO3 in the ferromagnetic regime (0,x, 1

2). Forx5 1
3(TC5250 K) where

the magnetoresistance effects are largest the system behaves as an ideal isotropic ferromagnet at low
T, with a gapless~,0.04 meV! dispersion relationE5Dq2 andDT50'155 meV Å2. However, an
anomalous diffusive component develops above;200 K and dominates the fluctuation spectrum as
T→TC . A magnetic field strongly reduces this quasielastic scattering, shifting the spectral weight
into the spin wave component of the fluctuation spectrum. ©1997 American Institute of Physics.
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The magnetic properties of the doped LaMnO3 class of
materials have been under very active investigation rece
because of the recent discovery1 of a dramatic increase in th
conductivity when the spins order ferromagnetically, eith
by lowering the temperature or applying a magnetic fie
This large variation in the carrier mobility originates from
metal–insulator transition that is closely associated with
magnetic ordering. We have been carrying out diffract
and inelastic studies on the calcium-doped La12xCaxMnO3

materials.2 We find that the undoped material is antiferr
magnetic, but can be converted to a ferromagnet under
propriate oxygen heat treatments.3 At larger x the system is
always a ferromagnet, and for thex51

3 doping where the
magnetoresistance anomalies are largest1 we found that the
magnetic system behaves as an ideal isotropic ferromagn
low T.4 The magnetic excitations are conventional sp
waves, with a dispersion relationE5D1D(T)q2, whereD
represents the spin wave energy gap and the spin stiff
coefficientD(T) is directly related to the exchange intera
tions. Forx5 1

3 the spin wave gapD was too small~,0.04
meV! to be determined, which demonstrates that it is
‘‘soft’’ ferromagnet, comparable to very soft amorpho
ferromagnets.5 We have extended the measurements of
spin wave spectrum to lower temperatures, and the meas
spin stiffness constantD~0! is 155 meV Å2. At elevated tem-
peratures, however, a quasielastic component to the fluc
tion spectrum develops for thex51

3 doping, and becomes th
dominant spectral weight asT→TC . This behavior is in
stark contrast both to the conventional behavior observed
isotropic ferromagnets and to the Ca-doped materials a
from x5 1

3. The width of this scattering is proportional toq
2,

indicating that it represents spin diffusion. The correlati
length, on the other hand, is anomalously small~;10 Å! and
only weakly temperature dependent.6 These results sugges
that this quasielastic component is associated with the lo
ization of electrons on the Mn31/Mn41 lattice, and may be
related to the formation of spin polarons in the system. I
this spin diffusion that drives the ferromagnetic phase tr
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sition rather than the thermal population of conventional s
waves. Here we report on the field dependence of both
quasielastic and inelastic scattering.

The inelastic experiments were carried out at the NI
research reactor. Because the long wavelength spin dyna
turn out to be approximately isotropic, inelastic measu
ments on polycrystalline samples may be made in the
ward scattering direction@i.e., around the~000! reciprocal
lattice point# without loss in generality.5 All the inelastic
measurements reported here were taken on the BT-9 tr
axis spectrometer, with pyrolytic graphite monochromat
analyzer, and filter. The incident energy was chosen to
13.7 meV, and horizontal collimations of 128-118-128-168
full width at half-maximum were used. The field-depende
measurements were taken in a horizontal field supercond
ing magnet, equipped with sapphire windows to suppress
small angle background scattering.

The use of polycrystalline samples has the distinct
vantage that powder diffraction profile refinements may
performed to establish the oxygen content and provide
tailed crystallographic parameters for the same sam
These measurements were performed on the BT-1 high r
lution diffractometer, where a vertical field superconducti
magnet was employed for the field-dependent measurem
For thex51

3~Tc5250 K! material of central interest the crys
tal structure is orthorhombic~Pnma space group! over the
full range of temperatures and fields explored here. The
tice parameters are observed to decrease with decrea
temperature, but exhibit a strong anomaly associated with
ferromagnetic ordering. At fixed temperature, on the ot
hand, we find that the lattice parameters also decrease
stantially with increasing magnetic field. Thus there is a s
stantial lattice contraction of the system associated with
development of a bulk magnetic moment, regardless
whether the ferromagnetism develops due to the tempera
decreasing or is induced by the application of a magn
field. In Fig. 1~a! we plot the measured~Bragg peak! mag-
netization as a function of temperature, and we see that
rather typical of the magnetization curve for a ferromagn
81(8)/5488/3/$10.00 © 1997 American Institute of Physics
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with TC'250 K.7 The temperature dependence of the criti
scattering is shown in Fig. 1~b!, where we see a maximum i
the vicinity of the ferromagnetic transition as expected. Sim
lar results have been recently presented for La0.7Sr0.3MnO3.

8

In the long wavelength~hydrodynamic! regime, the
magnetic excitations are conventional spin waves at
temperatures, with a quadratic dispersion relat
E5D(T)q2. Figure 2 shows a typical magnetic inelas
spectrum for a wave vectorq50.07 Å21. A flat background
of nine counts plus an elastic incoherent nuclear peak of
counts, measured at 14 K, have been subtracted from t
data. We see that at 200 K the spectrum is dominated by
waves observed in energy gain~E,0! and energy loss~E
.0!. The solid curve is the result of a least-squares fit of
spin wave cross section, plus a spin-diffusion central com
nent as described below, convoluted with the instrume
resolution. As we raise the temperature towardsTc we see
two changes in the spectrum. One is that the spin wave
ergies renormalize to lower energies and broaden, as i
cated in Fig. 2 for the data at 225 and 235 K. This is
expected behavior for a conventional ferromagnet. Howe
they do not collapse asT→TC , with D(TC) only about half
of its low temperature value,4 even though the overall behav
ior is quite typical of a conventional isotropic ferromagne

The second anomalous feature revealed in Fig. 2 is
dramatic development of a central component to the sp

FIG. 1. ~a! Magnetization versus temperature obtained from the intensit
the ferromagnetic Bragg peak.~b! Intensity of the critical scattering at 0.0
Å21, showing that the scattering peaks atTC in the usual manner. The solid
curve is a guide to the eye.
J. Appl. Phys., Vol. 81, No. 8, 15 April 1997
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trum T→TC . The intrinsic shape of the scattering is Loren
zian in energy, and the width of this quasielastic compon
varies asq2, revealing that this scattering is associated w
spin diffusion in the system. This component develops r
idly as the transition temperature is approached, and do
nates the fluctuation spectrum asT→TC . Note, however,
that the overall intensity of scattering maximizes atTC in the
usual way@Fig. 1~b!#. Thus the development of this centr
component to the fluctuation spectrum occurs at the expe
of the spin wave scattering.4

We now turn to the field dependence of the scatteri
Figure 3 shows the inelastic spectrum at a wave vecto
0.09 Å21 and 240 K. At this largerQ ~compared to Fig. 2!
we see that in zero field the spin waves are cleanly separ
from the quasielastic peak. With the application of a fie
parallel to the incident wave vector we see essentially
change in the spectrum until we approach the tesla fi
range. AtH52 T the spin waves have shifted substantia
to larger energy and sharpened. More interestingly, the s
wave intensity hasincreased, even though the thermal popu
lation factor should reduce the spin wave intensity beca
of the increase in the spin wave energy. For 4 T the shift in
the spin waves is large enough that they are almost out of
measurement range, while at 6 T they have completely
shifted out. Associated with this increase in the spin wa
scattering we see that the intensity of the central compon
steadily decreases with increasing field.

Figure 4 shows data atQ50.09 Å21 for a temperature of
250 K, the ferromagnetic transition temperature determin
in Fig. 1~a!. The quasielastic scattering dominates, but bro
spin waves are present as well. Applying a magnetic field
the same qualitative effect as for a temperature of 240 K.
2 T the intensity of the central component decreases w

f

FIG. 2. Magnetic inelastic scattering belowTC for x5
1
3 at a wave vector of

0.07 Å21. At 200 K the spectrum is dominated by the spin waves in ene
gain ~E,0! and energy loss~E.0!, while asT→TC a quasielastic compo-
nent develops and dominates the fluctuation spectrum.
5489Lynn et al.
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the spin waves increase energy, increase intensity,
sharpen. Applying a field of 6 T again moves the spin wave
out of the accessible energy range.

Finally, we remark that there are orientation factors
the neutron cross section, so that some of the inten
changes are due to the fact that the spins rotate to align
the field. For conventional spin wave~inelastic! scattering
the intensity should be proportional to 11(Q̂•M̂ )2, where
the hats denote unit vectors, while for longitudinal fluctu
tions the intensity scattering should follow 12(Q̂•M̂ )2.9 For
randomly oriented spins in zero field the factor (Q̂•M̂ )2

should average to13. For the data shown in Figs. 3 and 4, th
field was applied along the incident wave vector, so tha
the elastic positionQ is approximately perpendicular toM .
In this situation any reorientation should increase the qu
elastic scattering, while we observe a strong decrease.
demonstrates that this scattering is not simply associ
with longitudinal (SzSz) fluctuations. At the spin wave pos
tion, on the other hand,Q makes a rather large angle withM ,
and any increase in the spin wave intensity due to the or
tation factor is too small to explain the observed increa
Moreover, we have also taken data with the field appl
perpendicular to the incident beam, and have found the s
qualitative behavior of both the quasielastic and spin w
components. The field-dependent inelastic scattering m
surements demonstrate conclusively that the spectral we
associated with the central component of the fluctuat
spectrum shifts into the spin wave component with incre
ing field. Thus just as for the lattice parameters, increas
field has the same effect as decreasing temperature, an
field regime of a few tesla is the same as that associated
the colossal magnetoresistance effects.1

FIG. 3. Observed inelastic spectrum at 240 K andQ50.09 Å21 as a func-
tion of applied field. The spin waves increase in energy and sharpen
increasing field, but also increase in intensity as well. The quasielastic
tering, on the other hand, decreases with increasing field. Thus the stre
of the spectrum shifts from the central component into the spin wave c
ponent as the field is increased. The curves are fits to the data.
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